To estimate contributions of water vapor (WV), carbon dioxide (CO 2 ), and clouds to longwave radiation, surface downward longwave irradiance (DLI) was evaluated by comparing observations with values calculated using data from vertical profiles of WV and clouds obtained from radiosonde observations at five Baseline Surface Radiation Network (BSRN) sites. The observed DLI was reproduced by calculation with an accuracy of 3.9 ± 4.4 W m −2 for clear-sky conditions at all sites, but the accuracy was −7.7 ± 8.6 W m −2 for overcast conditions. The individual contributions of WV, CO 2 , and clouds to DLI were evaluated by removing these factors one by one from the normal condition including all of the factors (removal method) and by removing all factors except for one particular factor (addition method). The results indicate that the contributions of WV and clouds are relatively large, whereas the contribution of CO 2 is relatively small.
Introduction
Downward longwave radiation is an important phenomenon for understanding climate change, the energy budget, and the water cycle at the Earth's surface. The absorption and emission processes of longwave radiation are related to the thermal structure and composition of the atmosphere. Water vapor (WV), carbon dioxide (CO 2 ), and clouds are dominant factors that influence variations in longwave radiation. Ångström (1918) was the first to calculate downward longwave irradiance (DLI) at the surface by parameterization with surface air temperature and surface water vapor pressure. Since then, various parameterizations of DLI have been developed according to observations in various regions or new ideas for the calculation of a formula (e.g., Maykut and Church 1973; Swinbank 1963; Idso and Jackson 1969) . Elsasser (1942) produced a radiation chart, which is a diagram that allows the calculation of the radiative flux at any height of the atmosphere and delivers parameterization using not only surface parameters (surface air temperature) but also a construction of the upper atmosphere (precipitable water). Yamamoto (1952) further improved the radiation chart to allow estimations of emissivity of WV and CO 2 . Yamamoto and Sasa mori (1954) compared calculated radiation levels with observations to validate their chart and demonstrated that more than 80% of total radiation was emitted from WV below 900 hPa. Iziomon et al. (2003) compared six models at a low elevation site and a mountain site and tried to improve the parameterization. They concluded that the models developed by Brunt (1932) and by Brutsaert (1982) were better than the other models. Ruckstuhl et al. (2007) measured surface specific humidity, vertically integrated WV, and DLI at four different sites and indicated that surface specific humidity and integrated WV have a strong relationship with DLI and that the parameterization can be completed using only humidity. Gubler et al. (2012) , however, compared 18 models at seven sites under clear-sky conditions and showed that even the better performing models had large uncertainties of parameterization. The ranges of the mean error in DLI were from about −10 W m , which indicated that DLI cannot be accurately expressed by a simple parameterization. Ishida et al. (1998) observed the liquid water path, columnar WV, and DLI in two Arctic regions. They concluded that changes in atmospheric temperature profiles and WV amounts caused variability in DLI.
To quantitatively estimate the contributions of several factors, Kiehl and Trenberth (1997) evaluated single forcing factors in satellite data by removing each factor from the normal climate condition. However, they estimated the contribution fraction for only outgoing longwave radiation because of difficulties in retrieving DLI from satellite observations caused by uncertainties in the vertical cloud profile. Dupont et al. (2008) pointed out that the vertical profile of the atmosphere is important for outgoing radiation, even under clear-sky conditions. Schmidt et al. (2010) applied the version of GISS ModelE used for the Fourth Assessment Report of the Intergovernmental Panel on Climate Change to calculate the contribution fraction of a single factor by removing or adding the factor. However, these results were computed for the global average and for upwelling radiation.
Understanding of the variability of the factors affecting DLI is limited, especially when considering vertical distribution against site or season. The intent of this study was to estimate the contributions of dominant factors affecting DLI in various regions and seasons while considering the vertical profiles of temperature and relative humidity (RH).
Data and analysis

Comparison between the calculation and observation
To calculate DLI, we used a broadband radiative transfer model, mstrnX, developed by Sekiguchi and Nakajima (2008) , which has 14 absorption bands for wavelengths from 4 µm to 1 mm. For this study, the model atmosphere was divided into 370 layers. From an altitude range of 100 km to 30 km, the thickness of each layer was 1 km. From an altitude of 30 km to the surface, the thickness of each layer was 100 m. The model atmosphere included air temperature, WV, trace gases, aerosols, and clouds. Concentrations of other gases and aerosols were those of US standard atmosphere (Anderson et al. 1986 ), except for tropospheric CO 2 which was changed to 380 ppmv. In this study, mstrnX had 14 integration bands for longwave radiation from 1 mm to 4 µm, and DLI was calculated to combine all the longwave integration bands.
Vertical profiles of air temperature and WV were obtained by radiosonde at observation sites of the Japan Meteorological Agency (JMA). Cloud top and cloud base heights were determined according to Wang et al. (1995) by the following criteria. 1) From surface to top, the base of the lowest moist layer is detected as the level that satisfies either of the following conditions: (a) RH ≥ 87% or (b) RH ≥ 84% and RH increases ≥ 3% from the lower level or the surface level. 2) The next levels above the base are temporarily assumed to be inside the moist layer if RH ≥ 84% until reaching a level with RH below 84% or reaching the top of the profile.
3) The levels within the moist layer are tested from the highest level down to the base. The top of the moist layer is detected as the level that meets either of the following conditions: (a) RH ≥ 87% or (b) RH ≥ 84% and RH increases ≥ 3% from the higher level or the top level of profile. 4) If a top is found in step 3, the moist layer is a cloud layer. In the method of Wang et al. (1995) , RH is calculated with respect to water at all temperatures; however, in this study, we calculated RH with respect to ice at temperatures below 0°C because this study considered only thick cloud cover. When cloud geometrical thickness was more than 1 km, cloud optical thickness was adjusted to 10 for a wavelength
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under the normal condition, and DLI Rem(i ) is downward longwave irradiance with factor i removed.
The second method is a comparison between the normal calculation and a calculation in which all but a single factor is removed (addition method). When a single factor by itself is added to the atmosphere, the contribution fraction of added factor i (CON Add(i ) ) is evaluated by Eq. (2):
where DLI Add(i ) is downward longwave irradiance at the surface under the condition of factor i alone. Figure 2 shows the relationship between surface air temperature and the contribution fraction of the major factors, i.e., WV, CO 2 , and cloud (only under the overcast condition), by the removal method and the addition method under the clear-sky condition. Figure 3 shows the relationship between precipitable water and the contribution fraction of major factors under the clear-sky condition. For almost every site and season, the contribution fraction with WV removed (CON Rem(WV) 0043°N, 39 .5816°E) and is also operated by JMA. The time period analyzed in this study was one year long and extended from April 1, 2010, to March 31, 2011. Radiosonde observations occurred at 0000 UTC and 1200 UTC, but we used only the 0000 UTC data (0900 LST at SAP, TAT, FUA, and ISH; and 0300 LST at SYO). This study examined data for days classified as having clear-sky conditions or overcast conditions according to cloud cover. In this study, the clear-sky condition is defined as a day with 0 oktas. The overcast condition is a day at 8 oktas with no precipitation, complete cloud cover, and cloud geometrical thickness greater than 1 km.
Results and discussion
We compared the results of calculated values of DLI with observed values at the five BSRN sites, as shown in Fig. 1 . Under the clear-sky condition, the difference between observation and calculation (observed − calculated value) was 3.9 ± 4.4 W m −2 , but the difference under the overcast condition was −7.7 ± 8.6 W m −2 . Data numbers were small for ISH under the clear-sky condition and for SAP under the overcast condition. The calculated values were slightly overestimated at SYO under overcast conditions. It was considered that one of the reasons for this overestimation was a systematic error in the measurement of RH by the radiosonde. Phillips et al. (1980) investigated systematic differences between radiosondes and showed that some of them can generate errors when measuring RH. In this study, if RH has been chronically overestimated, cloud base height will be underestimated, and DLI will be overestimated. Although there is a possibility of the overestimation, the calculations are generally rather consistent with the observations. The results indicate that the DLI calculated from mstrnX using radiosonde and visual observations reproduces the observed DLI under both the clear-sky condition and the overcast condition.
Evaluation of the contribution of major factors
We evaluated the contribution fraction of major factors such as WV, CO 2 , and clouds to DLI at the surface in five different climate regions for one year. Taking into account overlapping absorption bands due to gases in the atmosphere, we used two different methods for the quantitative evaluation.
The first method is a comparison between the normal calculation, which includes all factors in the atmosphere, and a calculation performed without one of the factors (removal method). When a single factor is removed, the contribution fraction of the removed factor i (CON Rem(i ) ) is evaluated by Eq. (1):
where DLI Normal is downward longwave irradiance at the surface April 24, 2010). The contribution fraction of CO 2 is generally smaller than that of WV. The contribution fraction for CO 2 removal (CON Rem(CO2) ) in all regions except for SYO in winter is less than 20% under the clear-sky condition. The contribution fraction for CO 2 addition (CON Add(CO2) ) under the clear-sky condition is generally small, 25−35%, and the regional disparity is remarkably trivial. Air temperature and precipitable water are directly associated with the contribution fraction of WV and are important parameters for the parameterization of DLI. However, the influence of a change in these parameters is not large. Increase in the ratio of CON Rem(WV) and CON Add(WV) to surface air temperature is approximately 10% and 30% per 70 K under the clear-sky condition, respectively. In dry regions, the increase in the ratio of CON Rem(WV) and CON Add(WV) to precipitable water is large, with an increment of 10% and 20% per 10 mm, respectively. The contribution fractions of WV are approximately constant in wet regions, in which precipitable water is greater than 10 mm under the clear-sky condition.
Absorption bands of WV are very wide, covering almost the entire infrared radiation spectrum. When WV is removed, the very wide absorption bands disappear. However, absorption bands of other greenhouse gases overlap with those of WV. The overlap between the WV rotational absorption band and the CO 2 15-μm absorption band is especially strong. Accordingly, CON Rem(WV) is not so large because of the wideness of the absorption band. Conversely, if other greenhouse gases vanish, WV can cover absorption bands that are screened by CO 2 or other gases under the normal condition. CON Add(WV) is very large because of these overlapping bands. For the inverse of the reason that CON Rem(WV) is very large, CON Rem(CO2) is very small. When CO 2 is removed, its 15-μm absorption band is covered by WV. The emission of CO 2 is not obscured when CO 2 is added, so that contribution becomes larger around the 15-μm band. Continuous absorption by CO 2 is narrow and cannot cover absorption bands of other gases and, thus, CON Add(CO2) is not very different from CON Rem(CO2) .
Figures 4 and 5 show the relationship between surface air temperature and the contribution fraction of the major factors, and the relationship between precipitable water and the contribution fraction under the overcast condition, respectively. CON Rem(WV) is very small (almost less than 10%). Under either condition, CON Add (WV) is very large. This is particularly true for the clear-sky condition, with some days showing a contribution of nearly 100% (e.g., 98.8% at FUA on August 4, 2010). The contribution under the overcast condition is less than that for the clear-sky condition by 10−30%.
Under the overcast condition, no remarkable seasonal change in CON Rem(WV) is observed. However, several days in summer showed a large contribution of more than 10%. Figure 6 shows the relationship between contribution fraction and cloud base temperature difference, which is the subtraction of surface air temperature from cloud base temperature. This figure shows that the large amount of WV under a high cloud base would make a large WV contribution to the surface DLI.
Under the overcast condition, CON Rem(CO2) ranges from 0 to 2% and is smaller than under the clear-sky condition, where CON Add(CO2) maintains a value of 20%. In this study, the CO 2 concentration is constant in all regions, so it is reasonable that the contribution fraction of CO 2 is also constant. On the other hand, WV varies by region; however, the amount of WV has only a small influence on the contribution fraction of WV. For these reasons, changes in the contribution fractions of WV and CO 2 are small across different regions and seasons. This result indicates that if the concentration of CO 2 is constant, the influence of CO 2 on DLI at the surface is also constant, regardless of the concentration of WV, base height, or cloud thickness.
The contribution fraction of clouds is the largest among the three dominant factors. Some days have a very large cloudaddition contribution fraction (CON Add(cloud) ) of nearly 100%, which is similar to the effect of the adding WV. The large contribution fraction of clouds can be explained in the same way as the wide continuous absorption of WV. Cloud cover is "black" and thick, so clouds have a stronger ability to cover other absorption bands than does WV. Therefore, the contribution of clouds is largest during overcast conditions. Because clouds and WV cover each other's absorption bands and strongly replenish absorption bands of other gases, the contribution of WV during overcast con- ditions is generally smaller than that during clear-sky conditions.
Comparing Figs. 4, 5, and 6, the tendencies of the change of contribution fractions vary and differ from the clear-sky condition. In Figs. 4 and 5, CON Add(WV) and CON Rem(cloud) show a strong correlation with surface air temperature and precipitable water. In contrast, in Fig. 6 , CON Rem(WV) and CON Add(cloud) correlate with cloud base height, whereas CON Add(WV) and CON Rem(cloud) do not. If GHG which has only a small overall impact under overcast condition is neglected, both the removal of WV and the addition of cloud can be described mainly by an effect of the absence of WV. In the atmosphere without WV, the effect of cloud intensifies and the changes of contribution fractions correlate with the difference of temperature between the ground surface and cloud base height. Conversely, both the addition of WV and the removal of cloud can be described mainly by an effect of cloud absence, with the effect of cloud base temperature becoming weaker.
If the DLI calculated with the removal or addition method is larger than the DLI under the normal condition, the contribution becomes a negative value by the removal method or larger than 100% by the addition method. Although the increment is very small, CON Rem(WV) and CON Rem(CO2) at SYO on February 23, 2011, and CON Add(CO2) at TAT on November 7, 2010, are smaller than 0% and CON Add (CO2) at TAT is larger than 100%. Figure 7 shows vertical profiles of temperature and the difference of downward longwave flux between normal condition and the removal or addition of a single factor at SYO on February 23 and at TAT on November 7. A common feature of these days is the existence of an inversion layer, in which temperature is higher than surface air temperature, under a cloud base. When a single factor is removed, the radiation emitted from the above layer is not absorbed by the single factor. Under the normal condition, even if the amount of radiation emitted by the upper atmosphere increases, downward longwave irradiance at the surface decreases because of the lack of radiation emitted by the low-and high-temperature atmosphere. However, at SYO on February 23, 2011, and TAT on November 7, 2010, thick and warm clouds existed so that emission from the cloud base became larger than the decrease caused by removing a single factor. When the cloud effect is much stronger than other factors, the DLI with all factors removed except for clouds is larger than in the normal condition. February 23, 2011, at SYO was a very cold and dry day, so the DLI by the addition method was larger than the DLI under normal conditions.
Summary
In summary, we estimated contributions of the major factors affecting longwave radiation: WV, CO 2 , and clouds. The differences between observation and calculation (observed − calculated) were 3.9 ± 4.4 W m −2 and −7.7 ± 8.6 W m −2 under the clear-sky condition and overcast condition, respectively. The calculations were verified by comparison with observational data from five sites and showed good correlations with the observations. Because of the wide, continuous absorption region that overlaps the absorption bands of other gases, WV and clouds show large contributions. Although temperature and the amount of WV vary greatly between warm regions and cold regions, changes in the contribution fractions of WV and CO 2 for DLI are small. When there is an inversion layer under clouds and the cloud base height is very low, DLI becomes large by the removal of other greenhouse gases. Fig. 7 . Vertical profiles of temperature and the difference of downward longwave flux between normal condition and the removal or addition a single factor at (a) SYO, Feb. 23, 2011, and at (b) TAT, Nov. 7, 2011 . Both days had overcast conditions and an inversion layer under the cloud base. Cloud existed at from 0.1 to 1.5 km at SYO and from 0.8 to 2.3 km at TAT.
